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Mining and metallurgical wastes: a
review of recycling and re-use practices
by E. Matinde*, G.S. Simate*, and S. Ndlovu*?t

Synopsis

Mining and metallurgical processes produce significant amounts of waste.
In South Africa, mining and metallurgical wastes constitute one of the
biggest challenges to the environment. If not managed properly, these
types of wastes can result in irreversible damage to the environment and
constitute a hazard to humans. Despite the environmental challenges
associated with mining and metallurgical wastes, the mining and metal
extraction industries can be integrated to form a circular economy model
that promotes zero waste through the recycling and re-use of these waste
materials. In other words, the different waste streams can in fact be
considered as secondary sources of valuable minerals and metals. In this
paper we review some of the research and emerging trends in the recycling
and re-use of mining and metallurgical wastes. A brief overview is
provided of how some of the key aspects of sustainability can be
integrated into the teaching and research space in engineering sciences.
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Introduction

Mining is a complex process involving
activities that range from exploration through
mine development, mineral beneficiation,
metal extraction, smelting, refining,
reclamation, and remediation (Bian et al.,
2012; Ndlovu, Simate, and Matinde, 2017). In
the process of extracting the metal values,
these activities produce significant amounts of
wastes, typically consisting of (1) solid wastes
in the form of waste rock, dusts, sludges, and
slags, (2) liquid wastes in the form of waste
water and effluents, and (3) gaseous
emissions. In South Africa, mining and
metallurgical wastes constitute one of the
biggest challenges to the environment. If not
managed properly, the anthropogenic effects of
these mining and metal extraction activities
can result in irreversible damage to the
environment and a hazard to humans. In
South Affica, in particular, these types of
wastes are usually disposed of in landfills,
thereby creating serious environmental and
health challenges for communities. Mitigating
the effects of such mining, metallurgical, and
metal manufacturing processes requires a
holistic waste management approach that
incorporates reduction in the amount of waste
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produced, in-process recycling, and finding
new markets and applications in other sectors
of the economy (Lottermoser, 2011;
Environmental Protection Agency, 2015;
World Steel Association, 2015; Ndlovu,
Simate, and Matinde, 2017). As such,
increasing the recycling and re-use of the
different types of wastes is a potential panacea
to the environmental and health challenges
posed by these waste streams. Despite the
environmental challenges associated with
these types of wastes, the mining and metal
extraction industries can be integrated to form
a circular economy model that promotes zero
waste through the re-use and recycling of
these waste materials (Lottermoser, 2011;
EPA, 2015; World Steel Association, 2015;
Ndlovu, Simate, and Matinde, 2017; Flanagan,
Grail, and Johnson, 2016). The different waste
streams can in fact be considered as secondary
sources of valuable metals and other
resources.

Circular economy, recyclability, recycling,
and re-use have been identified as some of the
emerging paradigms that can drive the multi-
dimensional aspects of sustainability in the
mining and metal extraction industries. In this
context, a sustainable circular economy is
defined as a transition where the value of
products, materials, and resources is
maintained in the economy for as long as
possible, and the generation of waste
minimized (European Commission, 2015;
World Steel Association, 2015). The broad
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objective of a circular economy model is to reduce the linear
flow of materials through recycling and re-use in order to
rejuvenate the life-cycle of a material (Ndlovu, Simate, and
Matinde, 2017). Lottermoser (2011) defined the recycling of
mine wastes as a practice that extracts new valuable resource
ingredients, or uses the waste as feedstock, and/or converts
the entire waste stream into a new valuable product.
Recyclability refers to the amenability of waste materials to
be captured and converted into a new material and/or re-used
in the same capacity (Ndlovu, Simate, and Matinde, 2017).
According to Ndlovu, Simate, and Matinde (2017), the
recyclability of a waste material is driven by technological
and economic factors. In essence, the recyclability of
materials depends on the availability of methods and
technologies as well as the existence of markets for the
recycled products. Finally, the World Steel Association
(2015) broadly defined the term re-use as using an object or
material again, either for its original purpose or for a similar
purpose, without significantly altering the physical form of
the object or material. Although most of these terms are used
loosely and interchangeably by various stakeholders, some of
the short- and long-term benefits of recycling and re-use of
mining and metal extraction wastes include (Lottermoser,
2011): (1) creating financial assets, (2) increasing resource
efficiency by reducing the linear consumption of natural
resources, (3) reducing waste production and accumulation,
(4) encouraging innovation and growth of local industry
spin-offs, (5) creating employment, and (6) shared
responsibility and ownership over the environment.

In line with these emerging paradigms of environmental
responsibility and sustainable development, the broad
objective of this paper is to explore sustainable alternatives to
the primary supply of metals from mined ores through
recycling and re-use of mining and metal extraction wastes.
In detail, this paper provides a critical review of the emerging
body of knowledge on recycling and re-use of these waste
materials. In addition, we propose potential approaches that
can contribute to unlocking the economic value of mining and
metallurgical wastes by integrating some of the key
sustainability drivers into the teaching and learning of
engineering sciences.

Categories of mining, metallurgical, and industrial
wastes

Basically, waste is a complex, subjective, and sometimes a
controversial issue and, in fact, a review of literature reveals
an ongoing international debate on the definition of waste
(Ndlovu, Simate, and Matinde, 2017). Nevertheless, waste is
generally defined by many environmental bodies as any
discarded, rejected, abandoned, unwanted, or surplus matter,
whether or not intended for sale or for recycling,
reprocessing, recovery, or purification by a separate operation
from that which produced it (Ndlovu, Simate, and Matinde,
2017). Waste is generated in all sorts of ways, and its
composition and volume depend largely on consumption
patterns and the industrial and economic structures in place.
Waste may exist in solid, liquid, or gaseous form. However,
waste, in whatever form, is one of the world’s largest
concerns and gives rise to both public health and
environmental concerns (Bian et al., 2012). Environmental
threats may include contamination of groundwater and
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surface water by leachates, as well as air pollution from
burning of waste that is not properly disposed of. Therefore,
in the recent past, the effects of waste, particularly mining
and metal extraction wastes, have been the focus of critical
attention (Lottermoser, 2011; Bian et al., 2012; Reck and
Graedel, 2012; Ndlovu, Simate, and Matinde, 2017).

Inasmuch as the generation of mining and metallurgical
wastes is inevitable in the production of industrial materials,
conventional waste management practices to date have
focused on how to manage the way in which the waste is
generated and disposed of (Hering, 2012). In fact, mining,
metallurgical, and industrial wastes are considered to have
little or no apparent economic use, and are thus usually
discarded and/or landfilled (Lottermoser, 2011; Bian et al.,
2012; Ndlovu, Simate, and Matinde, 2017). Despite
protracted efforts to reduce the amount of waste produced by
the mining and metallurgical industries, these types of
wastes still constitute one of the world’s largest waste
streams (Bian et al., 2012). Table I provides an overview of
some of the types of wastes produced in the mining and
metals extraction industry (Lottermoser, 2011; Rankin, 2011;
Ndlovu, Simate, and Matinde, 2017).

Legislative framework governing mining and
metallurgical wastes

Over the years, environmental laws and social awareness
programmes have been promulgated in order to mitigate the
potential threats of mining and metallurgical wastes (Table
11). Basically, these environmental and social regulations are
of universal importance, and revolve around environmental
protection, protection of local communities, and promotion of
business ethics (Phadke et al., 2014; Ndlovu, Simate, and
Matinde, 2017). Despite the lack of consensus, and varying
degree of legislative scope and effectiveness, various
regulations and policies have been enacted so as to control
the disposal and/or recycling of these types of wastes (Kumar
and Singh, 2013; EPA, 2015; Ndlovu, Simate, and Matinde,
2017). Table Il shows some of the selected environmental
policies and regulations from the USA, EU, and South African
jurisdictions (European Commission, 2006, 2008, 2010a,
2010b; Environmental Protection Agency, 2015; Ndlovu,
Simate, and Matinde, 2017).

Inasmuch as there are no agreed-upon quintessential
guidelines or legislation on the management of mining and
metallurgical wastes, the different legislations converge
towards one objective of environmental protection and
sustainability. Ironically, the Bill of Rights, as enshrined in
Chapter 2 of the South African Constitution (Act No. 108 of
1996), clearly stipulates the universal rights of citizens to
environmental protection while promoting economic and
social development. Furthermore, the USA’s RCRA (1976)
and the European Commission’s Extracting Waste (Mining)
Directive (2006/21/EC) have a strong emphasis on
sustainability. These legislations specifically require
operators to draw up waste management plans for the
minimization, treatment, metal recovery from, and disposal of
mining and extractive wastes.

In addition to the specific directives, the European
Commission has also drawn up extensive industrial
emissions directives (IED, 2010/75/EU) (European
Commission, 2010b). The principal focus of these directives
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Table |

Overview of some of the types of wastes produced in the mining and metals extraction industry

Type of waste Comment

Overburden

Soil and rock material removed to access mineral deposits, and which is usually stockpiled. Overburden generally
has low potential for environmental contamination, but may be associated with acid rock drainage.

Waste rock Contains minerals in concentrations considered too low to be economically extracted. Waste rock has a
heterogeneous mineralogical composition, chemical, and physical characteristics due to deposition of the wastes
from different mine sources. Depending on the mineral being extracted, waste rock is problematic due to the
formation of acid rock (mine) drainage.

Mineral beneficiation tailings

Fine barren rock that remains after extracting the valuable components. Tailings can also contain residual chemicals
and are usually deposited in the form of water-based slurry into tailings ponds.

Metallurgical slags

challenges to re-use.

Glass-like or amorphous materials produced as by-products in the smelting and refining of metals. Although some
slags such as blast furnace slags can be environmentally benign and have found widespread applications in the
construction and agricultural industries, the presence of entrained and/or dissolved heavy metals presents

Waste water

Emanates from a number of processes, with varying degrees of quality and environmental contamination potential.
Typical examples include minewater, process (mill) water, leachate (containing dissolved minerals, chemicals and/or
metals), effluent (process water discharged into surface water, often after treatment), and mine drainage water
(surface or groundwater with the potential to flow off the mine or industrial site).

Water treatment sludge

Semi-solid residue or slurry remaining after on-site treatment of mine and industrial water and waste water. Sludge
may be contaminated with heavy metals and other residual chemicals. The recycling and recovery of valuable metals
from mining and industrial sludges is being extensively explored. Depending on the processes, waste treatment
sludges are classified as hazardous materials.

Acid mine drainage (AMD)
underground workings.

Generated from mine waste rocks, tailings, and/or mine structures such as closed, active, or abandoned pits and

Gaseous and particulate emissions Atmospheric emissions in the form of particulate dusts and toxic gases such as SOy, NOy, CO, COs, organometallic
compounds, polychlorinated-p-dibenzodioxins and dibenzofurans (PCCD/Fs) emitted during the high-temperature
chemical processing of metals. These emissions are classified as hazardous materials in most jurisdictions due to the
presence of entrained toxic heavy metals, toxic organometallic compounds, and PCCD/Fs.

Post-consumer waste

Waste material generated by households or commerecial, industrial, and institutional facilities in their role as end-users
of the products, which can no longer be used for its initial purposes, e.g. e-waste.

is to provide the best available techniques (BATs) and
emerging techniques towards the reduction, recycling, and re-
use of various waste streams across various industries
(European Commission, 2010a, 2010b). In South Africa, for
example, the various Acts clearly mandate the need for
environmental responsibility with respect to air, water, and
ground contamination, and further emphasize the mandatory
rehabilitation of the affected environment. Globally, the
convergence of the discrete legislations in these various
jurisdictions has since resulted in a standardized ISO 14000
series, the main objective of which is to provide a
standardized and effective management system.

Recycling and re-use: ongoing research and
emerging trends

As discussed earlier, the circular economy model mandates
the reduction, recycling and re-use of mining and
metallurgical wastes. Based on the categories of wastes
highlighted in Table I, the following sections outline the
typical recycling and re-use opportunities of selected
categories of mining and metal extraction wastes based on
the emerging paradigms of converting wastes to valuable
resources.

Waste rock, overburden, and beneficiation waste

As indicated in Table I, waste rock and overburden originate
from materials overlying the area to be mined and which are
moved in order to gain access to the orebody. These materials
range from being barren (e.g., waste rock) to containing
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minerals at concentrations that are considered too low to be
economically extracted (e.g., overburden). Mineral
beneficiation waste, on the other hand, refers to tailings
and/or residual materials generated from the mineral
beneficiation processes (Ndlovu, Simate, and Matinde, 2017).
Basically, mineral beneficiation wastes consist of rock, soil,
loose sediment, and fine to ultrafine particles (Lottermoser,
2011; Bian et al., 2012; Ndlovu, Simate, and Matinde, 2017).
Corollary to waste rock and overburden, the mineralogical
characteristics of beneficiation wastes are usually highly
heterogeneous as a result of the deposition of waste streams
arising from different stages in the processing chain(Bian et
al., 2012; Edraki ef al., 2014). Furthermore, the amounts and
complexity of waste rock, overburden, and beneficiation
wastes vary significantly depending on the type of
commodity, physical, and chemical composition of the
mineralization, and the mining and processing methods used
(Lottermoser, 2011; Bian et al., 2012; Flanagan, Grail, and
Johnson, 2016; Ndlovu, Simate, and Matinde, 2017).
Millions of tons of waste rock, overburden, and
beneficiation wastes are produced by the global mining
industry. Due to their low intrinsic value, and the remote
location of most mining operations, over 95% of these
materials end up being disposed in landfills (Lottermoser,
2011; Bian et al., 2012; Flanagan, Grail, and Johnson, 2016;
Ndlovu, Simate, and Matinde, 2017). However, disposal is
associated with environmental challenges such as acid rock
drainage, airborne dust emissions, and contamination of
surface- and groundwater sources. Although these materials
are generally classified as non-hazardous, increasing their
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Table Il

Overview of relevant waste management policies and regulations from selected jurisdictions

Jurisdiction

Legislation

Content

USA (Environmental
Protection Agency, 2015)

National Environmental
Policy Act (1970)

Mandates environmental impact assessments (ElAs) for all economic activities that can
impact the environment. Applies to mining operations that require Federal approval.

Resource Conservation and
Recovery Act (1976)

Conserving of natural resources and reducing the amounts of wastes generated.
Ensures holistic waste management practices to protect the environment, and applies to
categories such as municipal solid waste landfills, hazardous waste generation, and
transportation, storage, and disposal facilities.

Comprehensive Environmental
Response, Compensation and
Liability Act (1980)

Requires operations to report inventory of chemicals handled and release of hazardous
substances to the environment, and mandates clean-up of sites where hazardous
substances are found. Amended to include mining, milling, and smelter wastes that
were not covered by the RCRA (1976).

Clean Air Act (1970)

Addresses airborne pollution that may potentially cause harm to humans or natural
resources, e.g., dust emissions from operations or tailings disposal, exhaust emissions
from heavy equipment, and emissions from processing facilities such as smelters.

European Union
(European Commission,
2010a, 2010b; 2015)

The European Commission (EC)
has promulgated various
environmental directives
governing mining, metallurgical,
and industrial processes

in member states

Environmental Assessment Directive — similar to NEPA (1970).

Water Framework Directive for protection of surface and groundwater sources.

Waste Framework (2006/12/EC), Hazardous Waste (91/689/EEC) and Landfill
(99/31/EC) directives — similar to RCRA (1976).

Extracting Waste (Mining) Directive (2006/21/EC) — similar to RCRA (1976). Operators
mandated to draw up extractive waste management plan (EWMP) for the minimization,
treatment, recovery, and disposal of extractive waste (emphasis on sustainable
development) (European Commission, 2006).

Industrial Emissions Directive (IED, 2010/75/EU) — similar to RCRA (1976). Principal
focus on best available techniques (BATs) and emerging techniques in waste
management across various industries (European Commission, 2010a, 2010b).

South Africa

Bill of Rights, Chapter 2 of
the Constitution
(Act No. 108 of 1996)

Universal right to environmental protection through reasonable and other measures that
prevent pollution and secure ecological sustainable development and use of natural
resources while promoting economic and social development (Republic of South Africa, 2018)

National Environmental
Management Act
(No. 107 of 1998)

Framework and principles for sustainable development, and imposes duty of care and
remediation of environmental damage. Inclusive of sections that provide legal authority to
enforce environmental laws and private liability/prosecution (Department of Water and
Environment, 2010).

National Water Act
(No. 36 of 1998)

Integrity of water resources. Provides a hierarchy of priorities for mine water management in
terms of pollution prevention, water re-use or reclamation, and water treatment and discharge
(Department of Water and Environment, 2010).

Minerals Act (Act 50 of 1991)

Statutory instrument for enforcing environmental protection, management of environmental
impacts, and the rehabilitation of affected environments (Republic of South Africa, 1991).

Air Quality Act (No. 39 of 2004)

Prescribes measures to control air quality, including, but not limited to, the emission of
respirable and non-respirable dusts and their control and minimization through cleaner
technologies and cleaner production practices.

Global (Ndlovu, Simate,

ISO 14000 series

Guidelines and standards for environmental management systems, environmental auditing,
and Matinde, 2017)environmental performance and evaluation, environmental labels and
declarations, and life-cycle assessment. Established through consensus by national
standards bodies globally.

recycling and re-use potential can provide sustainable and
cost-effective alternatives to mitigate the disposal and waste
management challenges.

To date, extensive research has been conducted in order
to mitigate the environmental impacts, as well as increasing
the valorisation potential, of waste rock, overburden, and
beneficiation wastes (Lottermoser, 2011; Bian ez al., 2012;
Lébre and Corder, 2015; Flanagan, Grail, and Johnson, 2016;
Ndlovu, Simate, and Matinde, 2017; Gorakhki and Bareither,
2017). In addition to the widely adopted uses such as
feedstock for cement, concrete, and aggregates in
construction industry, waste rock and overburden can also be
re-used as low-grade resources of valuable minerals and
metals, as backfill materials for open voids, as landscaping
materials, as capping materials for waste repositories, and as
substrates for mine revegetation (Lottermoser, 2011; Bian et
al., 2012). Other waste streams such as mine drainage
AUGUST 2018
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sludges can be economically reprocessed to extract metals
and mineral compounds, or can be re-used as flocculants
and/or adsorbents to remove phosphates from sewage and
agricultural effluents, as well as soil additives in agriculture.
Beneficiation tailings, on the other hand, can be reprocessed
to extract metals and metals compounds, while sand-rich
tailings can be mixed with cement and used as backfill in
underground mines. Clay-rich tailings can be used as
amendments to sandy soils and for the manufacture of
bricks, cement, floor tiles, sanitary ware, and porcelains
(Lottermoser, 2011). Furthermore, Lottermoser (2011)
proposed the potential use of ultramafic tailings in the
production of glass and rock wool, and phlogopite-rich
tailings for use in sewage treatment. Nevertheless, the
proposed re-use opportunities entail their own challenges.
For example, the heterogeneous composition and complex
mineralogy of these materials may affect the physical and

The Journal of the Southern African Institute of Mining and Metallurgy



Mining and metallurgical wastes: a review of recycling and re-use practices

chemical properties of intended products and processes.
Furthermore, mining and beneficiation wastes may contain
elevated amounts of transition metal elements, toxic
elements, and reactive minerals, which can contaminate the
environment (Lottermoser, 2011; Bian ef al., 2012). The low
intrinsic value may further be exacerbated by the remote
location of most mining operations and distance from mine
site to potential markets (Lottermoser, 2011; Bian et al.,
2012).

Metal recovery from acid mine drainage

Acid mine drainage (AMD) is an environmental problem
related to the release of acidic, sulphate- and metal-
containing waste water into the environment. AMD is
generated when sulphide-bearing minerals such as pyrite
(FeS,) are exposed to both oxygen and water, as well as the
presence of acidophilic chemolithotrophic microorganisms. In
general, the oxidation of FeS, in the presence of oxygen and
water takes place as depicted in Equation [1] (Simate and
Ndlovu, 2014):

2FeS, + 70, + 2H,0 — 2Fe®* + 4507~ +4H*  [1]

AMD may also be generated from various sources such as
mine waste rock, tailings, or mine structures such as active,
closed, or abandoned pits and underground workings (Simate
and Ndlovu, 2014; Ndlovu, Simate, and Matinde, 2017).

The effects of untreated AMD on the health of humans,
wildlife, plants, and aquatic species are well documented
(Akcil and Koldas, 2006; Ma and Banfield, 2011; Simate and
Ndlovu, 2014). Consequently, much research has been
dedicated to finding remediation solutions for AMD.
Basically, remediation techniques focus on the treatment of
the already-produced AMD before it is discharged into water
bodies (Chowdhury, Sarkar, and Datta, 2015). In principle,
remediation technologies can be broadly categorized as active
or passive. Further details of the remediation techniques are
well documented by Johnson and Hallberg (2005). The
challenge with the conventional remediation processes is that
they generally result in new waste streams that would require
further treatment and/or disposal. Furthermore, the treatment
residues may still contain the elements and compounds
removed from the mine drainage, as well as the additives
dosed during the treatment processes (Simate and Ndlovu,
2014).

As already stated, AMD is rich in dissolved metal
sulphates, which are formed in a complex process from the
oxidation of pyrite and other sulphide minerals like
pyrrhotite, marcasite, chalcocite, covellite, arsenopyrite, and
chalcopyrite. Due to the need for metal-containing resources
and increasingly stringent environmental conditions, AMD is
currently being considered for metal recovery as part of the
larger AMD remediation strategy (Nordstrom ef al., 2017). In
fact, there are several such techniques used to recover metals
from AMD, and these are primarily driven by incentives such
as (Simate and Ndlovu, 2014): (1) reducing the amounts of
waste sludge and brine products that require handling and
disposal and incur potential long-term environmental
liabilities, (2) generation of revenue streams to partly or fully
offset the ongoing treatment and metal recovery costs, and
(3) contributing to the long-term sustainability of mine water
treatment projects.
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To date, the removal and/or recovery of metals as
hydroxide precipitates from AMD using alkaline reagents
(e.g. NaOH) has been the most widely adopted method
(Johnson and Hallberg, 2005; Balintova and Petrilakova,
2011). Unfortunately, this technique has several drawbacks,
including the generation of large volumes of hazardous
concentrated sludge (Macingova and Luptakova, 2012;
Ndlovu, Simate, and Matinde, 2017), and the fact that the
selective extraction of metals is very difficult (Simate and
Ndlovu, 2014; Ndlovu, Simate, and Matinde, 2017). There
are several other methods used to treat AMD and/or recover
metals. These techniques, which will not be discussed in
detail in this paper, include solvent extraction, reverse
osmosis, ultrafiltration, electrodialysis, ion
exchange/adsorption, and wetland treatments (Ndlovu,
Simate, and Matinde, 2017).

It must be noted that, in the recent past, a paradigm shift
has taken place in the way AMD is viewed. Basically,
research interests have shifted towards the recovery of
valuable materials from AMD, in addition to its remediation.
Apart from valuable metals, there are other industrially and
economically useful products that can be recovered from
AMD treatment processes (Simate and Ndlovu, 2014).
Typical examples include saleable products such as sulphur,
sulphuric acid, pigments, and metal sulphates; production of
electricity; alkaline earth compounds such as calcium
carbonate and magnesium hydroxides; building and
construction materials such as gypsum and cement;
agricultural materials (e.g. fertilizer), adsorbents used in
municipal and industrial wastewater treatment; and pigments
(e.g. ferrihydrites).

Metal recovery and recycling of metallurgical dusts
Metallurgical dusts consist of heterogeneous mixtures of
complex oxides from feed and process materials entrained in
the off-gas from smelting and refining furnaces. Large
volumes of these waste materials are produced in processes
such as the blast furnace ironmaking process, raw material
agglomeration (e.g., coke, sinter, and pellet plants), electric
arc furnaces (EAFs), basic oxygen furnaces (BOFs), stainless
steel refining, base metal smelting and converting, and in
submerged arc furnaces (SAFs) for ferrochrome and
ferromanganese production (Ma and Garbers-Craig, 2006;
Ndlovu, Simate, and Matinde, 2017). The physico-chemical
properties of metallurgical dusts vary greatly depending on
the process design, process parameters, operational
procedures, and the type of raw materials used (Nyirenda,
1991; Palencia ef al., 1999; Beukes, van Zyl, and Ras, 2010;
Tangstad, 2013; de Buzin, Heck, and Vilela, 2017). For
example, about 7-45 kg of blast furnace particulate dusts
containing 100-150 g of Zn are produced per ton of hot metal
(tHM). These materials are classified as hazardous waste in
most jurisdictions due to the presence of toxic metal elements
such as Pb, Cr, Zn, and Cd, and as such, cannot be disposed
of in landfills without some form of pretreatment and/or
stabilization (Nyirenda, 1991; European Commission, 2008;
2010a, 2010b; Beukes, van Zyl, and Ras, 2010;
Environmental Protection Agency, 2015; de Buzin, Heck, and
Vilela, 2017; Ndlovu, Simate, and Matinde, 2017).
Furthermore, metallurgical dusts are extremely fine and
difficult to handle (Palencia ef al., 1999; de Buzin, Heck, and
Vilela, 2017). Despite these materials being rich in valuable
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metals, their direct in-process recycling is usually constrained
by the potential build-up of deleterious and volatile metal
compounds in the process (Bian et al., 2012; Remus et al.,
2013; Ndlovu, Simate, and Matinde, 2017). Table III
summarizes some of the characteristic properties and the
recycling options applicable to selected categories of
metallurgical dusts (Remus et al., 2013; Lin et al., 2017;
Ndlovu, Simate, and Matinde, 2017).

The metallurgical dusts produced in the iron and steel
manufacturing processes, for example, consist mainly of
heterogeneous mixtures of complex oxides of feed materials
entrained in the off-gas. As a result, these materials tend to
contain significant amounts of iron, reductants, and alloying
elements. To date, several processes have been developed, or
are being investigated, in order to recover valuable metallic
elements contained in metallurgical dusts while ensuring an
environmentally benign barren product. Generally, two
process options exist for the recovery of value metals from
ferrous metallurgical dusts: pyrometallurgical and
hydrometallurgical processes. Pyrometallurgical processes
use thermal energy to separate the desired metals from other
materials based on the differences between oxidation

potentials, melting points, vapour pressures, densities and/or
miscibility of the dust components when melted (Abdullah,
2013). In contrast, in hydrometallurgical technologies the
desired metals are separated using techniques that capitalize
on differences between constituent solubilities and/or
electrochemical properties while in aqueous solution
(Abdullah, 2013).

Metal recovery and recycling of ferrous metallurgical
dusts using pyrometallurgical processes

As indicated in Table II1, the direct recycling of ferrous dusts
is limited by the presence of volatile toxic metal compounds
such as Zn, Cd, As, and Pb. In steelmaking, for example, Zn-
bearing compounds such zincite (ZnO) and franklinite
(ZnFe,04) are particularly problematic due to the heavy
reliance on use of galvanized steel scrap as feed to these
processes. The pyrometallurgical processing of ferrous dusts
revolves around the carbothermic reduction sequence
ZHF6204(5) — Zno(s) + Fe203(s) - Zn(y) + Fe(s) - of
ZnFe,04 in dusts, and the resultant volatilization of the zinc
before recovery in the downstream condensers (Lin et al.,
2017; Ndlovu, Simate, and Matinde, 2017).

Table Il

Typical properties and the recycling and mitigation processes applicable to metallurgical dusts

Category Characteristics

Recycling and mitigation

Challenges to recyclability

Blast furnace dusts 7-45 kg of dust/
tHM; 100-150 g

Zn/tHM

Briquetting and in-process recycling
as additional sources of iron and carbon

Recyclability limited by in-process build-up of volatile metal
compounds, organometallic compounds, and polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/Fs). Intricate
off-gas cleaning systems required but fugitive emissions may

still be problematic.

Coke plant dusts

Varies (approx. > 1 kg
coke breeze/ton coke

Additives in sinter plant as auxiliary
fuels and reductants

Ferrous raw material
agglomeration

Varies

Briquetting and in-process recycling as
well as auxiliary additives in the blast
furnace and EAFs.

Basic oxygen furnace
(BOF) dusts

14-143 kg dust/t
liquid steel
0.75-24 kg/t liquid steel

Electric arc furnace
dusts (EAFDs)

15-20 kg dust/t
steel. Over 8.5 Mt are
produced per year

Stainless steel-
making dusts

10-70 kg dust/t steel

Briquetting and in-process recycling.
Metal recovery using pyrometallurgical,
hydrometallurgical and plasma processes.
Solidification and/or stabilization

Controlled material as the long-term leachability behaviour of
toxic metal elements in stabilized/solidified dusts is largely
unknown. Recyclability limited by the in-process build-up of
volatile metal compounds, variable value-metal thresholds,
and the complex chemical and mineralogical characteristics
of the dusts. Additional metal recovery processes costly.

Submerged arc
furnace (HCFeCr)

18-25kg dust/t
HCFe Cr

Submerged arc
furnace (HCFeMn)

Up to 25 wt% Mn and
varying amounts of
volatile metals.

Process-integrated dust recycling systems.

Emissions reduction by mandatory
adoption of closedfurnaces, agglomeration
of feed, use of intricate wet scrubbing
systems, and control of raw material
quality and process parameters.

Recyclability limited by in-process build-up of volatile metal
compounds and variable value-metal thresholds. Fugitive
emissions still problematic. Intricate wet scrubbing systems
costly and may not always be available.

Base metals (copper)
smelter dusts

Up to 30 wt.% Cu and
high amounts of Fe, S,
Zn, and metalloids
(As, Sb, Pb, Cd, Bi)

In-process recycling of smelter dusts.
Metal recovery using conventional
pyrometallurgical and hydrometallurgical
processes, or a combination of both.

Recyclability of smelter dusts is limited by build-up of
deleterious, volatile toxic metals (e.g., (As, Sb, Pb,

Cd, Bi), low value-metal thresholds, and the complex
chemical and mineralogical characteristics of the dusts.

PGM smelter and
converter dusts

Varying amounts of
entrained PGMs, Fe, S,
Zn, and metalloids

(As, Sb, Pb, Cd, Bi)

/tHM: per ton of hot metal
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To date, several pyrometallurgical approaches have been
extensively applied globally in the economic recycling of
ferrous metallurgical dusts. Table IV summarizes some of the
processes for metal recovery and recycling of common
metallurgical dusts (Palencia ef al., 1999; Lin et al., 2017;
Ndlovu, Simate, and Matinde, 2017).

Metal recovery and recycling from metallurgical dusts
using hydrometallurgical processes

The major advantages of the pyrometallurgical processes
developed so far lie in their ability to economically process
metallurgical dusts containing high amounts of Zn existing
as ZnFep04 (Ndlovu, Simate, and Matinde, 2017; Lin et al.,
2017). However, these processes are sensitive to economies
of scale, have high thermal energy requirements, and require
elaborate dust collection systems and additional steps to
recover volatile metals from the flue gas (Ndlovu, Simate, and
Matinde, 2017). As a result, the application of
hydrometallurgical processes in the recovery of metals from
metallurgical dusts is slowly gaining prominence due to their
greater flexibility of operation and the required economies of
scale. Hydrometallurgical processes also have lower capital
costs and few or no environmental challenges associated with
flue gases, dusts, and noise. Notwithstanding some of these
advantages, the technical and economic feasibility of
hydrometallurgical processes requires careful management of
water, waste water, and process solutions (Palencia ez al.,
1999; de Buzin, Heck, and Vilela, 2017; Ndlovu, Simate, and
Matinde, 2017). In addition, the widespread adoption of
hydrometallurgical processes has largely been constrained by
the complex physical, chemical, and mineralogical
characteristics of the dust materials. For example, most of
the zinc in typical EAF dusts occurs as franklinite (ZnFe,04),
which is stable and insoluble in most acidic, alkaline, and
chelating media under conventional conditions (Palencia et
al., 1999; Miki et al., 2016; de Buzin, Heck, and Vilela, 2017;
Ndlovu, Simate, and Matinde, 2017). Furthermore,
hydrometallurgical processes using conventional leaching

and chelating media also suffer from poor selectivity and co-
dissolution, thereby increasing the complexity of downstream
solution purification processes. As a result, several
alternative leaching and pretreatment processes have been
proposed, or are being investigated, in order to improve the
kinetics and economics of the leaching processes (Leclerc,
Meux, and Lecuire, 2002; Abott et al., 2006, 2009; Steer and
Griffiths, 2013; Bakkar, 2014; Chairaksa-Fujimoto et al.,
2015; Miki et al., 2016; Chairaksa-Fujimoto et al., 2016;
Binnemans and Jones, 2017; Xing, Wang, and Chen, 2017).

Emerging trends in the recycling and re-use of
metallurgical dusts and other residues

Pretreatment and leaching of ferrous dusts—As discussed in
the preceding sections, the presence of the refractory ZnFe;04
spinel presents challenges to the conventional leaching of
these materials in aqueous media. As such, several studies
have focused on the thermal pretreatment of Zn-bearing
dusts before the leaching process (Chairaksa-Fujimoto et al.,
2015; Miki et al., 2016; Chairaksa-Fujimoto et al., 2016;
Yakornov et al., 2017). Chairaksa-Fujimoto et al. (2015)
investigated the effect of CaO addition on the conversion of
ZnFe;04 in industrial EAF dust. Their findings confirmed
that the ZnFe,04 spinel can be decomposed by thermal
treatment in the temperature range 900-1100°C and in the
presence of a stoichiometric amount of reactive CaO to
produce ZnO and Ca;Fe,0s, as shown in Equation [2]
(Chairaksa-Fujimoto et al. (2015):

ZnFeZO,,(s) + ZCI‘]O(SJ = CazFezos(s) + Z??.O(s) 2
AG®(J/mol) = 32114 + 11.329T + 4.201 x 10~ [2]
T? —5.46 x10°T~? —3.373T InT = —41006.722]/mol

Based on the thermodynamic feasibility of reaction [2] at
the temperatures investigated, the authors have
demonstrated that 100% of the ZnO can be selectively
leached in conventional acidic or alkaline media after 4
hours, compared to 40% leaching efficiency in the case of the
as-received sample (Chairaksa-Fujimoto et al., 2015, 2016).

Table IV

Summary of processes for metal recovery and recycling of ferrous metallurgical dusts

Process Process description

Products

Rotary hearth furnace
(Zn-containing dusts), e.g.
FASTMET®, INMETCO®

Solid-state carbothermic reduction and de-zincification
of pelletized steelmaking dusts using rotary hearth furnaces iron.
(RHFs) in the temperature range 1200-1400°C.
Secondary dust is processed to recover zinc.

Crude ZnO-rich off-gas and metallized direct reduced

briquetted iron (HBI).

Premus® Multi-hearth furnace solid-state reduction (temperature
range 1000—1100°C) of steelmaking dusts using coke or
coal fines and the EAF melting of the resulting hot

Crude ZnO-rich off gas (Zn > 55 wt.%), direct charging of
HBI into EAF.

Shaft furnace

Coke packed-bed shaft furnace for smelting-reduction of
steelmaking dusts in the temperature range 1500-1600°C.

Crude ZnO-rich off-gas, hot metal/ crude steel, and
environmentally benign barren slag.

range 1600-1700°C.

Oxyfines™ Oxy-fuel process for smelting of fine dusts in the temperature

Enviroplas™

DC -arc plasma furnace for smelting-reduction of steelmaking
and ferroalloy fine dusts in the temperature range 1600—1700°C.

OxyCup® Process

Shaft furnace for reduction and melting of agglomerated ferrous
metal dusts in the temperature range 1500—1600°C.

Waelz process

Waelz kiln carbothermic reduction of pelletized metal oxides
(1100-1200°C), volatilization of Zn and Pb compounds and
further processing of ZnO- and PbO-rich off-gas dust.
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Since the solubilities of iron and calcium were negligible
under the experimental conditions investigated, the CayFe,0s
residue can be used as a dephosphorization fluxing agent in
the steelmaking process.

Application of solvometallurgy in the recovery of metals
_from secondary resources—In order to increase the

leachability and selectivity, the use of non-aqueous solvents
in the form of molecular organic solvents, ionic liquids, deep
eutectic solvents, organic solvents, and supercritical carbon
dioxide, among others, has been explored in detail (Leclerc,
Meux, and Lecuire, 2002; Abbott et al., 2005, 2006, 2009,
2011; Nockemann et al., 2006, 2008; Steer and Griffiths,
2013; Kilicarslan et al., 2014, 2015; Kilicarslan and Saridede,
2015; Davris et al., 2016; Amarasekara, 2016; Wang et al.,
2016a, 2016b; Abbott et al., 2006a, 2006b, 2009; Park et al.,
2014; Binnemans and Jones, 2017). Of particular interest in
recent years is the use of ionic liquids, in the form of protic
ionic liquids and carboxyl acid group functionalized ionic
liquids, in the leaching of metals from a variety of ores and
secondary resources (Abbott et al., 2005; 2006a, 2006b,
2009, 2011; Kilicarslan et al., 2014; 2015; Kilicarslan and
Saridede, 2015; Amarasekara, 2016; Wang et al., 2016a,
2016b; Park et al., 2014; Binnemans and Jones, 2017). Ionic
liquids are low-temperature molten salts comprising cations
and organic/inorganic anions, and are increasingly gaining
traction due to their desired properties such as non-volatility,
low toxicity, good ionic conductivity, and wide
electrochemical potential window (Park et al., 2014).

Kilicarslan et al. (2014) investigated the use of 1-butyl-
3-methyl-imidazolium hydrogen sulphate (bmim+(HSO4-))
ionic liquid in the presence of hydrogen peroxide (H,0,) and
potassium peroxymonosulfate (oxone) as the oxidants for
leaching brass wastes containing 3.4% Al, 5.81% Ca, 22%
Cu, 12.17% Si, and 53.92% Zn. The results show that 50
vol.% [bmim+]HSO4- in aqueous media is an efficient ionic
liquid for brass ash leaching, and resulted in dissolution
efficiencies of 99% for Zn and 24.82% for Cu, even without
the use of any oxidant. Other studies also indicated that pure
zinc in brass waste could be recovered by leaching in
Bronsted acidic ionic liquid and electrowinning (Kilicarslan
and Saridede, 2015; Amarasekara, 2016).

Due to their similar solvent properties to ionic liquids, the
use of deep eutectic solvents has also gained appreciable
attention in the dissolution of metals oxides from secondary
resources (Abbott et al., 2005, 2006a, 2011). Abbott et al.
(2005) investigated the solubility of various metal oxides
using low-temperature choline chloride (HOC,H4N(CH3)5"
Cl-)-based deep eutectic solvents. Their findings, based on
the solubility of metal oxides in 2:1 urea/choline chloride
eutectic at 60°C, indicated that oxides such as ZnO, PbO,, and
Cu,0 exhibit appreciable solubility, whereas the solubility of
iron and aluminium oxides is low (Table V). The selectivity of
the chosen deep eutectic solvents indicates the potential to
selectively leach and separate the metals from complex
metallurgical dust mixtures using electrochemical methods
(Abbott et al., 2005, 2006, 2011).

Although the commercial adoption of solvometallurgy
processes is still in its infancy, these techniques provide
several advantages such as high selectivity, ability to recover
the valuable metals in their pure states, and the ability to
detoxify and produce environmentally benign residues.
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Table VI summarizes some of the research that has been, or
is being, conducted using hydrothermal treatment and
leaching of metallurgical dusts and residues in non-aqueous
solvents in order to enhance the leachability of metallurgical
dusts and residues.

Synthesis of structural and_functional materials—To date,
the recovery of metals from metallurgical dusts using
conventional pyrometallurgical and hydrometallurgical
approaches has been implemented with varying degrees of
success. In parallel to the ongoing efforts to recover valuable
metals using these processes, extensive research is also being
conducted to increase the valorisation potential by
incorporating these materials in the synthesis of structural
and functional materials such as glasses, ceramics, and soft
magnetic ferrites (Barbieri et al., 2002; Rashad, 2006;
Machado et al., 2011; Vieira et al., 2013; Stathopoulos et al.,
2013; Wang et al., 2017a; Salamati, Younesi, and
Bahramifar, 2017; Chinnam et al., 2017). Most of these
studies have demonstrated the potential to synthesize high-
value functional soft magnetic spinel ferrites (MFe,04, where
M is Ni, Cr, Zn, Mn, etc.) from the solid-state reaction,
sintering, hot pressing, and/or densification of metallurgical
dusts containing these materials. For example, Wang et al.
(2017a) proposed an innovative one-step process for the
synthesis of Ni-Zn spinel ferrites with high saturation
magnetization (Ms approx. 60.5 emug-1) and low coercivity
(He approx. 49.8 Oe) from the solid-state reaction of EAF
dust with NiCl,-6H,0 at 1100°C for 2 hours. In other studies,
Salamat, Younesi, and Bahramifar (2017) proposed a method
to synthesize magnetic core-shell Fe;04@TiO;
nanocomposites from EAF dusts, with high degree of
superparagnetism and photocatalytic activity for the
decomposition of chemical oxygen demand (COD) in steel
mill wastewater. The proposed processes practically
demonstrated the potential to transform waste streams such
as EAF dusts from problematic solid wastes to high-value-
added products (Vieira et al., 2013; Stathopoulos et al., 2013;
Wang et al., 2017a; Chinnam et al., 2017; Salamati et al.,
2017). Table VII highlights some of the innovative
approaches currently being employed to increase the
valorisation potential by incorporating these materials in the
synthesis of structural and functional materials.

Table V

Solubility of selected metal oxides in a 2:1
urea/choline chloride eutectic at 60°C (Abbott et al.,
2005)

Metal oxide Melting point (°C) Solubility (ppm)
A|203 2045 <1
CaO 2580 6
CuO 1326 470
Cux0O 1235 8725
FexO3 1565 49
Fe304 1538 40
MnO; 535 493
NiO 1990 325
PbO2 888 9157
ZnO 1975 8466
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Table VI

Summary of emerging trends in pretreatment and use of non-aqueous solvents

Approaches

Key findings

References

Leaching of blast furnace dust using
carboxylic acid and non-aqueous solvents

Use of non-aqueous solvents to achieve selective extraction of Zn of up to 85.7%
using prop-2-eonic acid. Minimal levels of iron dissolution (approx. 8.5% Fe)
Detoxification of the iron oxides matrix leach residue.

Steer and Griffiths, 2013

Selective leaching of rare earth elements
(REEs) from bauxite residue using
functionalized hydrophobic ionic liquids.

Selective leaching of metal oxides by carboxyl-functionalized task-specific
ionic liquids. Approx. 70-85% dissolution of REEs from bauxite residue
using functionalized betainium bis(trifluoromethylsulsonyl)imide (HbetTf2N)
ionic liquid (150°C, 4 hours leaching time, and 10% pulp density) followed by
stripping in acidic solution at ambient temperatures.

Dissolution (T >55°C): 6HbetTf2N + REEoO3 ——==—

2REE(bet)s (Tf2N)3 + 3H2 O [3]

REE(bet)s (Tf2N)3 + 3HCl(aq) — = REEClI3(aq) + 3HbetTf2N [4]
Solubility of metals enhanced by temperature and pH control.

Co-dissolution of Ca, Na, and Al and limited solubility of Fe, Si,
and Ti, thereby enhancing the selectivity of leaching.

Dauvris et al., 2016;
Nockemann et al., 2006,
2008

Stepwise hydrometallurgical treatment
and recovery of Pb, Se, and Hg from
lead smelting flue gas scrubber sludge
using sodium chloride (NaCl) and
sodium chlorate (NaClOg3)

NaCl leaching to extract Pb and precipitation using CaO to produce
Se- and Hg-enriched residue, followed by stepwise leaching of Se
and Hg in HCI and sodium chlorate and precipitation to recover
individual elements of high purity (Pb, Hg, and Se)

Xing et al., 2017

Hydrothermal extraction of Zn from
ZnFep04 in EAF dust using ferric

chloride hexahydrate mixtures.

Selective dissolution of Zn and Pb from EAF dust using ferric chloride
hexahydrate mixtures followed by simple aqueous leaching of ZnCly:

2(FeCI3) -6H2 O(S) +32nFe2 04(3) — 4Fe2 03(5) +SZnCI2(s) +12H2 (o] [5]
Resultant detoxification renders the iron oxide residues usable as

fluxes and/or raw materials in steelmaking.

Leclerc, Meux, and Lecuire,
2002; 2003; Wang et al.,

2016a, 2016b;

Hydrometallurgical extraction of Zn from
ZnFex0y4 in CaO-treated EAF dust in
NH4CI media.

Over 80% Zn extraction efficiency from CaO-treated ZnFe>O4 in 2M NH4CI,
(70°C, S/L ratio 1:300, 2 hours). The ZnO formed from the thermal dissociation

of ZnFe»04 (Equation [8]) is solubilized in NH4ClI solution according to the reaction:

ZnOs) + 2NHy Cl(1) —— Zn(NH3)2Clz(1) + H20(1) [6]
Limited leachability of Ca and negligible solubility Fe to produce inert
CapFex0s leach residue usable as flux in iron- and steelmaking.

Miki et al., 2016

Recovery of metals from EAF dust using
(deep eutectic) ionic liquids

Application of choline chloride and urea ionic liquids in the selective dissolution
of Zn and Pb from mixed metal oxide matrices and production of recyclable
insoluble iron oxides and aluminosilicates.

Abbott et al., 2006, 2009;
Bakkar, 2014; Binnemans
and Jones, 2017

Selective leaching of and recovery of
Bi>Og from copper smelter converter dust.

Over 90% leaching efficiency of Bi as Bi2Os from pretreated Cu dust using
H2SO4 and NaCl, followed by hydrolysis of the BiCls from solution to form

Ha et al., 2015

pure solid BizO3:

Bi2O3(s) + 3H2S04(aq) —= Biz (SO4)a(s) + 3H20(1) 7]

Biz (SO4)(s) + 6HCI ——=— 2BiCla(ag) + 2NazS04(s) 8l

BiCla(ag) + 3H2 O(1) BiOCl(s) + 2HCl(1 [0l
Heat

ZBiOCI(s) + 2NaOH(1> — Bi203(5) + 2NaCl + Hgo [1 0]

Metal recovery, recycling and re-use of metallurgical slags
Metallurgical slags play indispensable roles in the efficient
extraction of metals, and are produced in large volumes in
pyrometallurgical smelting and refining processes (Pretorius
and Nunnington, 2002; Reuter, Xiao, and Boin, 2004;
Durinck et al., 2008). In fact, the solidified slag constitutes a
high-volume by-product from most pyrometallurgical
processes (Reuter, Xiao, and Boin, 2004; Durinck ef al.,
2008). During smelting and refining processes, slag
separates from the metal/alloy and is tapped from the furnace
before being granulated or slow-cooled. Depending on
process design and conditions, solidified metallurgical slags
contain significant amounts of entrained and/or dissolved
metals, which can cause serious long-term environmental
harm. For example, the presence of entrained and/or
dissolved toxic metal species, such as chromium in stainless
steel and ferrochromium alloy slags, can cause serious
environmental problems due to the high leachability,
mobility, and toxicity of the higher valence chromium Cr(VI)
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species (Durinck et al., 2008; Ndlovu, Simate, and Matinde,
2017). As a result, the current practice of disposing process
slags in landfills presents environmental challenges, hence
the need for protracted efforts to increase the recyclability
and re-use potential of these materials (Ndlovu, Simate, and
Matinde, 2017).

As indicated in Table VIII, there are several opportunities,
as well as constraints, in the recycling and re-use of
metallurgical slags. Nevertheless, the pyrometallurgical
industry continues to explore opportunities in order to
increase the valorisation potential of metallurgical slags.
Several researchers have focused on the applications of
metallurgical slags in other sectors of the economy (Reuter,
Xiao, and Boin, 2004; Euroslag, 2017; Ndlovu, Simate, and
Matinde, 2017). In particular, extensive research has been
conducted on the application of the various types of process
slags as construction materials (Euroslag, 2017; World Steel
Association, 2015), in the manufacture of ceramics and other
functional materials (Quijorna, Miguel, and Andres, 2011;
833 4
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Table VII

Examples of ongoing research to increase the valorization potential of ferrous metallurgical dusts

Approaches

Comments

References

Thermal and chemical behaviour of
different glasses containing steel fly
ash and their transformation into
glass-ceramics

Synthesis of chemically inert and coloured glasses from mixtures of
up to 10 wt.% steel fly ash, CaO-MgO-Al>O3-SiO» glass-ceramic systems,
and other kinds of inorganic matrices.

Barbieri, Corradi,
and Lancellotti 2002

Stabilization of nickel constituents of
dusts in aluminate and ferrite spinels

and investigating their leaching behavior.

Sintering (600-1480°C; 3 hours) of nickel-laden waste sludge to bind the nickel
in nickel aluminate (NiAloO4) and nickel ferrite (NiFe2O4) stable spinel phases
with low toxicity characteristic leaching properties (TCLPs).

Shih, White, and Leckie,
2006

Synthesis and magnetic properties of
manganese ferrite from low-grade
smanganese ore

Synthesis of manganese ferrite with magnetic properties (Ms approx.
27.24 emug-1) from low-grade Mn ore using oxidative acid leaching, co-
precipitation, and calcination (1000—1200°C).

Rashad, 2006

Structural ceramics made with clay and
steel dust pollutants

Synthesis of brick and hollow brick materials meeting TCLPs standards from
sintering clay blends containing up to 20 wt.% EAF dust at 1100°C.

Machado et al., 2011

Structural ceramics containing EAF dust

Pilot-scale study of the stabilization properties of EAF dust/clay ceramic structures
and the synthesis of structural ceramic blocks containing up to 5 wt.% EAF dust
with good chemical, macroscopic, and mechanical properties and low TCLPs.

Stathopoulos et al., 2013

Recycling of EAF dust into red mud

Synthesis of fired ceramics from mixtures of EAF dust and natural clays with
desirable mineralogical and physico-mechanical properties for civil
construction applications.

Vieira et al., 2013

Synthesis of magnetic core-shell
Fe304@TiO, nanoparticles from
EA dust

Synthesis of magnetic core-shell Fe304@TiO, nanocomposites from EAF dust
with high degree of superparagnetism and photocatalytic activity for the
decomposition of chemical oxygen demand (COD) in steel mill wastewater.

Salamati et al., 2017

Functional glasses and glass-ceramics
from iron-rich waste and industrial
residues

Review of processes and technologies for the synthesis of functional glass-based
products with suitable catalytic activity, magnetic, optical, and electrical properties
from iron-oxide-containing residues.

Chinnam et al., 2017

Facile synthesis of metal-doped Ni-Zn
ferrite from treated Zn-containing
EAF dust

One-step process for the synthesis of Ni-Zn spinel ferrites with high saturation
magnetization (Ms approx. 60.5 emug-1) and low coercivity (H, approx. 49.8 Oe)
from the solid-state reaction of EAF dust with NiCl»-6H20 at 1100°C for 2 hours.

Wang et al., 2017a

Table VIII

Properties, recycling, and re-use opportunities of selected metallurgical slags

Category

Typical mineralogical composition

Recycling and re-use opportunities

Blast furnace slags

Ca0-MgO-Al>03-SiO5 system. Crystallized mineral composition
consisting mainly of melilite (CapMgSioO7—CaxAl»SiO7),
and merwinite (CagMgSi2Og)

Granulated and used as additives in Portland cement,
geopolymers, and other absorbents. Slow-cooled
and used as and construction and soil aggregates.

EAF slags

CagMg(SiOy)z; B -CaxSiOg4; (Mg,Mn)(Cr,Al,Fe)>04 spinel solid
solution; CaAl,>SiOg; (Fe,Mg,Mn)O wistite-type solid solution;
Cag(ALFe)zOs

Steelmaking slags

Ca33i05; a-CaZSiO4; CagF6205; B-Ca28i04; FeO—MnO—MgO
solid solution; MgO; wustite solid solution.

Stainless steel (AOD)
slags

FeCro04; FeFesO4; Ni-Cr—Fe solid solution; CasSiOg4; CaFo;
Ca14Mgg(SiO4)8; CaQSiO4; Ca48i207F2; MgO; Fe—Cr aIon;
Fe—Ni alloy

Dissolved and/or entrained alloying elements. High level of
impurities for refining slags. Recycled as pre-melted fluxes.
Metal recovery and slag cleaning processes. Presence of
elevated amounts of toxic alloying elements, e.g. Cr and Ni,
limits their direct uptake in other sectors.

PGM smelting and
converting slags

Fayalitic (2FeO-SiOy) slags with some dissolved magnetite.
Chromium present as spinels (Fe,Mg)Cr204), particularly in
furnaces smelting UG2 concentrates.

Slag cleaning and metal recovery. In-process build-up of
Cr203 as spinels (Fe,Mg)Cr204) in UG2 concentrates limits
recyclability and re-use.

Base metal slags
(copper and nickel)

Fayalitic (2FeO-SiO2) and FeO-CaO-SiO; slag systems
with some dissolved magnetite.

Slag cleaning and metal recovery. Converter slag recyclable
as pre-melted fluxes.

Ferroalloy slags

HCFeCr slags: Al,03-MgO-SiO2-Cr203 system containing
various phases such as MgO-MgO-Al,03—2MgO- SiO,—2Ca0-
SiO,, MQO'CI'203, (Mgz(CI’,ALSi)gOe.

Slag cleaning and metal recovery. High leachability, mobility,
and toxicity potential of entrained and/or dissolved Cr (VI)
species limit the alternative applications.

Ponsot and Bernado, 2013; Karayannis et al., 2017), and as
geopolymeric materials (Kalinkin et al., 2014; Huang et al.,
2015). However, the presence of entrained and/or dissolved
toxic metal elements, as well as the build-up of deleterious
elements in the slag, is still a major constraint in the
recycling and re-use of these materials.
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Emerging trends in the recycling and re-use of
metallurgical slags

In the past, research in pyrometallurgy focused mostly on
improving process performance by optimizing the properties
of slags (Mills, Yuan, and Jones, 2011), but largely ignored
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their environmental efficacy once the slags were tapped from
the furnace. In other words, not much emphasis was placed
on the holistic integration between the required properties of
slags for process performance and their environmental
performance after solidification and disposal. However, the
drive for sustainability and environmental stewardship
mandates the need to take into account the environmental
effects of the slags. To date, emerging research in the
pyrometallurgical industry is shifting towards both the in-
process and post-process engineering of slag properties in
order to achieve metallurgical and energy efficiency in the
furnace while producing an environmentally benign slag.

Engineered slag structure-process-properties. for recycling
and environmental performance—The stabilization of
dissolved and/or entrained toxic metal species in stable
phases in various slags has drawn considerable attention in
recent years (Barbieri et al., 1994; Kiihn and Mudersbach,
2004; Tanskannen and Makkonen, 2006; Durinck et al.,
2008a, 2008b; Albertsson, Teng, and Bjorkman, 2014;
Santos et al., 2012; Albertsson, 2013; Cabrera-Real et al.,
2012; Liapis and Papayiani, 2015; Piatak, Parsons, and Seal,
2015). In particular, Kithn and Mudersbach (2004)
investigated the effect of MgO, Al,03, and FeO additions to
high-temperature slags. Their findings indicate that the
addition of these compounds prior to the crystallization of
high-temperature slags decreased the leachability of
chromium species from the solidified slags. Cabrera-Real et
al. (2012) investigated the effect of basicity (Ca0/SiO,) and
MgO on the stability of the mineralogical phases formed
during crystallization of Ca0-Si0,-Cr,03-CaF,-MgO slags.
Mineralogical characterization of the solidified slag
highlighted the predominance of MgCr,04 spinels, and minor
presence of CaCr,04 and CaCr,04 phases at Ca0/SiO; = 1.
Increasing the Ca0/SiO ratio to 2 resulted in the
predominance of MgCr,04, CaCr,04, and the Cr (V)-
containing complex Cas(CrO4)sF (Cabrera-Real et al., 2012).
Based on the comparative TCLPs of chromium from the
different phases, the findings indicated the highest
leachability of Cr at Ca0/SiO; = 2, owing to the presence of
potentially soluble CaCr,04 and Ca5(CrO4)3F phases. The low
leachability of MgO-stabilized slag phases was attributed to

the predominance of MgCr,04 spinel phases, which in
essence, function to bind the Cr in a stable spinel (Cabrera-
Real et al., 2012). The effect of basicity on the stabilization of
chromium species in stable phases was also investigated by
Albertsson (2013). Based on high-temperature engineered
parameters such as alumina addition, heat treatment, and
oxygen partial pressure, Albertsson (2013) proposed that the
addition of alumina to molten slags was effective in binding
the chromium in the MgAl,04-MgCr,04 stable spinel phases.
Slow soaking of solidified slag at low temperatures and low
oxygen partial pressure also improved the formation of the
spinel phases and reduced the amount of chromium dissolved
in water-soluble matrix phases. Conversely, the heat
treatment of slags with Ca0/SiO, ratio greater than 1.4 under
high oxygen potential accentuated the formation of leachable
Cr-bearing phases (Albertsson, 2013).

In earlier studies, Barbieri ef al. (1994) investigated the
solubility, reactivity and nucleation of Cr,Oz in a CaO-MgO-
Al,03-Si0, glassy system. The slag system, containing up to
5 mol % Cr,03, was melted at 1400°C and the effect of Mg
content on the spinel formation was investigated. At the
glass melting temperature, the reaction of Cr,0z and MgO
was proposed to proceed to form stable Mg,Cr,04 spinels
(Barbieri ef al., 1994). Tanskanen and Makkonen (2006)
also investigated the mineralogical and petrological
characteristics of Ca0-Si0;-Al,03-MgO-Fe-Cr slags from
high-carbon ferrochrome production. Their findings indicated
that the slag solidified with a partly crystalline and
porphyritic structure with hypidiomorphic spinel
((Mg,Fe) (Fe,Al,Cr),04) crystals enclosed in a homogenous
glass matrix, as shown in Figure 1.

In line with the structure-process-property hypotheses,
Durinck et al. (2008a, 2008b) investigated the hot stage
processing of molten steelmaking slags in order to enhance
the environmental performance of the solidified slags. Based
on case studies on 2Ca0-Si0; (C,S)-driven disintegration and
chromium leaching, Durinck et a/. (2008a) proposed that the
functional properties of solidified slags can be significantly
enhanced by controlled additions to the high-temperature
slags and/or by variations in the cooling path. In other
studies, Liapis and Papayianni (2015) investigated the high-

Pyroxens
—— Glass phasa
___ Mg-Al-Cr spinel
Mg-Al spinel
Point | Phasel/zone o Mg Al Si K Ca Cr Fe
2 Glass 47.51 T.02 10.08 28.69 0.98 .61 1.11
a Mg-Cr-Al-Sp 40.08 15.69 27.59 15.62 0.94
4 Pyroxens 45.79 21.94 3.09 28.11 2.04 0.50
5 Mg-Al-Sp 43.67 17.33 38.53 0.47
7 Glass 4713 6.84 10.18 28.80 0.81 254 157
8 Fostorite 43.10 34.01 20,30 1.60 0.99
13 Glasis 4748 5.70 1.1 28.42 1.20 3.73 1.28
14 Pyroxene 45.50 21.62 346 26.05 2.24 0.53

Figure 1—Phase composition and mineralogy of air-cooled ferrochromium slags (Tanskanen and Makonnen, 2006; Ndlovu et al., 2017)
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temperature in-process modification of high-carbon EAF
slags using perlite (with non-normalized composition 76
wt.% SiOp-14 wt.% Al,03-3.4 wt.% Na,0-2.7 wt.% KO-
1.2 wt.% CaO-1 wt.% FeOy), ladle furnace slags (with non-
normalized composition approximately 62 wt.% Ca0O-14.5
wt.% Si0,-3.6 wt.% MgO-2.5 wt.% FeOx-2 wt.% Al,Oz) and
olivine (with non-normalized composition approximately
50 wt.% MgO0-36 wt.% SiO-8.7 wt.% FeOx-1.2 wt.% CaO)
additives. Based on tailored chemical and mineralogical
compositions, the modified EAF slag was found to be suitable
for use in the production of normal weight cement concrete.
Interestingly, the addition of slag modifiers had minimal
interference on the process performance of the EAF (Liapis
and Papayianni, 2015).

The studies highlighted so far support the hypothesis that
the physicochemical properties of slag in the molten state can
be engineered in order to obtain the desired solidified and
crystal structure properties that are essential for improving
the recycling and environmental attributes of metallurgical
slags. In essence, the domain of slag engineering is a
promising approach to controlling the solidification and
crystallization properties of slags in order to improve their
environmental compatibility. Slag engineering can improve
the environmental performance of slags through binding the
toxic metal species in stable spinel phases. In short, the
objectives of slag engineering can be achieved by integrating
the following aspects: (1) the post-tapping processing,
solidification, and crystallization pathways, mineralogy, and
speciation of entrained alloys in the slag, (2) evaluation of
the efficacy of the proposed post-treatment methods based on
TLCPs of the disposable and/or re-usable slag materials, and
(3) correlating the structure, process and properties of slags
to the broad recyclability and environmental performance.

Engineered structure-process-properties of ferrous slags
_for metal recovery—Inasmuch as slag cleaning using

pyrometallurgical furnaces was the major focus to recover
entrained and/or dissolved metals from slag, attention in
recent years has shifted towards the recovery of metals from
solidified slags by physical beneficiation methods. As
discussed earlier, the engineered solidification and
crystallization behavior of slags can result in the evolution of
certain phases with desired properties that are essential for
the recovery of metals from these materials. This means the
speciation behaviour of alloys in discrete phases in rapidly
cooled slags can be exploited in the physical beneficiation of
these slag materials (Engstrém et al., 2010; Burja et al.,
2017). In fact, the recovery of dissolved and/or entrained
metals and alloys can be enhanced by hot-stage engineering
of the microstructural properties of slag materials during
crystallization and solidification (Durinck et al., 2008a,
2008b; Liapis and Papayianni, 2015). This approach is based
on the hypothesis that certain phases with desired properties
in solidified slags can be engineered and maintained during
the solidification process in order to facilitate their separation
from the solidified slag. Based on studies of the
crystallization behaviour of steelmaking slags during rapid
cooling, Engstrom et al. (2010) observed the formation of
wiistite-type solid solution (Mg,Fe,Mn)O enclosed in B-
Ca,Si04 phases. Burja et al. (2017) investigated the
speciation of chromium in rapidly cooled Ca0-Si0,-Cr,03 and
Ca0-Si0,-Mg0-Al,03-Cr,05 stainless steel slags. Based on
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X-ray diffraction analyses, the authors confirmed the
presence of metallic Cr and FeCr phases, as well as the
presence of calcium chromates, pseudowollastonite (CaSiO3),
and larnite (Ca,SiO4) (Burja et al., 2017). The formation of
metallic Cr and FeCr phases was particularly observed in low-
basicity slags containing high CrOx levels (Burja et al., 2017).
In other studies, Norval and Oberholster (2011) investigated
the effect of granulation on the recovery of manganese from
re-melted FeMn slags. Their findings indicate a significant
difference in the residual MnO content of granulated and air-
cooled slags, wherein the MnO content decreased to 6.1% in
granulated slags compared with 21.8% in the air-cooled
slags.

The formation in slags of certain phases with high
magnetic susceptibilities can be engineered using post-
furnace solidification processing, and such phases can be
maintained during solidification to facilitate the separation of
the alloys from solidified slag by magnetic separation. Based
on the knowledge of soft magnetic properties of spinel
ferrites synthesied by various methods (Viart et al., 2000;
Sugimoto, 1999; Lakshmi, Kumar, and Thyagarajan, 2016;
Zhang et al., 2016), the magnetic ferrite phases (MFe;04,
where M is Mn, Ni, Cr, Mo, etc.) in crystallized slags can be
exploited in the magnetic separation from the bulk
nonmagnetic components (Semykina and Seetharaman,
2011; Semykina, 2013; Shatokha et al., 2013; Sharma,
Sharma, and Shah, 2014; Menad, Kanari, and Save, 2014;
Ma and Houser, 2014; Li et al., 2015; Lakshmi, Kumar, and
Thyagarajan, 2016; Zhang et al., 2016; Jiang et al., 2018). In
other words, the transformation of nonmagnetic compounds
of transition metals in slags to ferrites with high magnetic
susceptibilities by controlled solidification and crystallization
of molten slags is a promising method to increase the
recovery of values from steelmaking slags.

As highlighted earlier, certain phases, such as MnFe;04
and (Mg,Fe,Mn)O, in crystallized slags possess magnetic
properties that can potentially be exploited in their magnetic
separation from the bulk non-magnetic components of
steelmaking slags (Semykina and Seetharaman, 2011;
Semykina, 2013; Shatokha et al., 2013; Menad, Kanari, and
Save, 2014; Ma and Houser, 2014; Jian ef al., 2017).
Semykina (2013) proposed a slag utilization technique that
involves the ambient air oxidation of molten CaO-FeO-SiO,
and Ca0-FeO-Si0,-MnO-Cr,03 slags in order to precipitate
ferrite phases that can then be recovered by magnetic
separation. The proposed oxidation reactions are shown in
Equations [11]-[13] (Semykina, 2013):

1

2(Fe0) iaq + MnOsiag) +3 Oatairy = MnFe 040, [11]
1

3(Feo)siag + Eoz(air] = F3304{s) [12]

1 1
FeOsmg + zcrO(S[ﬂQ] + Eﬂz(a;r) -3 FeC?‘ZOﬂS) [ 3]

Based on the thermodynamic possibility of phase
transformations in liquid slags highlighted in Equations
[11]-[13], Shatokha et al., (2013) also investigated the
selective recovery of iron and manganese values from
oxidized Ca0-SiO,-FeO and Ca0-SiO,-FeO-MnO slags. In
recent studies, Jiang et al. (2018) investigated the oxidation
behaviour of BOF slag (Ca0-SiO,-MgO containing 10-
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35 wt.% FeOy) under ambient air and selected temperature
(1000-1100°C) conditions. Their findings also proved the
potential to form magnetic spinel phases, in the form of
magnetite (Fez04) and magnesio-ferrite (MgFe,04), from the
Fe-containing species in the slag. The studies highlighted so
far substantiate the underlying hypotheses that the stable
transition metal ferrites produced in liquid slag during
solidification are amenable to separation from the bulk of the
solidified slag by magnetic separation (Semykina and
Seetharamn, 2011; Shatokha et al., 2013; Semykina, 2013;
Jiang et al., 2018).

Recovery of sensible energy in molten slags—The
pyrometallurgical extraction of metals is associated with high
energy consumption. For example, the iron and steel
manufacturing industry is one of the most energy-intensive
industries, accounting for about 5-6% of global energy
consumption (Duan et al., 2017). According to Barat et al.
(2011), the energy consumption in high-temperature metal
extraction processes is distributed between metal, slag, off-
gas, and environmental losses. Depending on the slag/metal
ratio and tapping temperatures, the slag thermal
requirements in these processes can vary from 10-90% of the
output energy (Barati, Esfahani, and Utigard, 2011). Due to
the high volumes of iron and steel production, the production
of ferrous metals accounts for over 90% of the available
energy associated with slags. Slags also account for a
significant amount of energy output from the energy-
intensive production processes of ferroalloys and other
commodities. Barati, Esfahani, and Utigard (2011)
summarized the historical global production of selected
metallurgical slags, and the estimated energy content
associated with these materials (Table IX).

Since the molten slags are tapped from smelting and
refining furnaces at high temperatures, they contain a lot of
sensible energy that can be harnessed. In order to increase
sustainability in the high-temperature extraction of metals,
several researchers have focused on the recovery of energy
from the dry granulation of these molten materials (Bisio,
1997; Barati, Esfahani, and Utigard, 2011; Zhang et al.,
2013; Liu et al., 2015, 2016; Rycroft, 2014). To date, several
energy recovery processes have been investigated and
developed, based primarily on the physical and chemical
processing of these materials. Typical physical energy
recovery processes include (Bisio, 1997; Rycroft, 2014;
Barati, Esfahani, and Utigard, 2011):

(1)  Dry granulation processes, wherein liquid slag is
continuously broken down into droplets and the
heat is recovered, firstly by the solidification of the
droplets passing through a dry cooling stage,
followed by the further recovery from the solid
granules as they cool to ambient temperatures.

(2)  Granulation by air blast, where a stream of liquid is
broken down into droplets by high-pressure air
jets. The air granulation process allows for the
concomitant rapid cooling of slag and heat recovery
from the air blast via a heat exchanger.

(3) Granulation by solid slag impingement, where the
liquid stream is broken up into particles by a
stream of recycled solid slag particles, and the
energy is transferred to air for steam generation by
convection in a multi-step fluidized bed.

(4)  Centrifugal granulation, encompassing processes
such as the rotating drum process, rotary cup
atomizer, spinning disc atomizer, and rotating
cylinder atomizer. The processes highlighted so far
integrate the physical phenomena of slag
solidification using centrifugal force or impinging
jets, and heat transfer using media such air and
steam in fluidized bed and/or countercurrent heat
exchangers.

Extensive research has also been conducted on the
recovery of sensible energy in liquid slags using chemical
methods (Maruoka et al., 2004; Purwanto and Akiyama,
2004; Barati, Esfahani, and Utigard, 2011; Duan et al.,
2014a, 2014b; Sun et al., 2015a, 2015b, 2016b; Duan, Yu,
and Wang, 2017; Sun et al., 2017). Several researchers have
proposed the use of molten slags in the gasification of coal
and biomass to produce synthetic fuels and/or using the
waste heat in liquid slags in methane-steam reforming
reactions. In this case, it is proposed that the hot slag not
only acts as a thermal medium but also as a catalyst for the
gasification and reforming reactions. Using blast furnace slag
waste heat as a thermal agent, Duan et al. (2014a) developed
a technological and exergy analysis model based on gasifier
system using coal/waste gas gasification. The findings
indicated a recovery efficiency of 85% for the blast furnace
slag waste heat, and an 80% conversion of the CO; to syngas
in the waste gas. In similar studies, Duan et a/. (2014b)
conducted a thermodynamic analysis of steam gasification of
coal to produce hydrogen-rich gas using blast furnace slags

Table IX

and Utigard, 2011)

Historical global production and the estimated energy content of selected metallurgical slags (Barati, Esfahani,

Process Tapping temp. (°C) | Slag rate (kg/t metal) Slag production (Mt) (2008) Slag enthalpy (GJ/t) (2008) | Heat value (TWh/a) (2008)
1500 250-350 236 1.6 105
Steel (BOF) 1550 126 112 1.3 40
Steel (EAF) 1600 169 69 1.8 35
HCFeCr 1650 1.1-1.6 58 1.6 26
Copper 1250 220 34 1.2 11
Nickel 1350 530 8.4 1.4 3.3
PGMs 1350 n.a 15 1.5 0.6
n.a: not available
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as the heat carrier. The findings indicated that: (1) the
amount of hydrogen at a steam-to-coal ratio of 2 increased
until peak temperatures of 450-550°C, (2) increasing the
pressure from 0.1 MPa to 10 MPa at 775°C adversely affected
the yield of hydrogen, and (3) an increase in slag basicity
had a positive effect on the yield of hydrogen, particularly at
low temperatures.

Sun et al. (2015a) also proposed a process to recover
waste heat and iron from high-temperature (1450-1650°C)
steelmaking slags by integrating the gasification of coal with
the treatment of steel slag. The proposed process resulted not
only in an improved yield of syngas, but also enabled the
potential recovery of iron units by magnetic separation due to
the oxidation of FeO to Fe304 in the slag. Sun et al. (2015¢)
investigated the kinetics of low-temperature (250-500°C)
gasification of biomass combined with heat recovery from
slag. Based on the catalytic effect of slags, the findings
indicate that the addition of slag increased the production of
syngas in the temperature range 425-500°C. In earlier
studies, Maruoka et al. (2004) demonstrated significant
financial benefits of recovering waste heat in the steelmaking
industry from the CH4-H,0 reforming process using a
chemical recuperator. Similarly, Purwanto and Akiyama
(2006) studied the production of hydrogen by introducing a
CH4-H,0 gas mixture into a packed bed of steelmaking slag.
Based on the conditions investigated (700-1000°C, constant
flow rate, and atmospheric pressure), the findings indicate
that the slag acted not only as thermal medium but also as a
catalyst to the reforming reactions (Purwanto and Akiyama,
2006).

The findings highlighted so far present a strong business
case for further optimizing the processes to recover the
sensible energy from molten metallurgical slags. The kinetic
models developed in the various studies also demonstrate the
multiple roles of metallurgical slags in coal/biomass
gasification and methane-steam reforming processes; that is,
not only as a thermal carrier but also as a catalyst and
reactant (Maruoka et al., 2004; Purwanto and Akiyama,
2004; Duan et al., 2014a, 2004b; Sun et al., 2015a, 3025D,
2015c¢, 2016b, 2017; Duan, Yu, and Wang, 2017).

Synthesis of functional materials from solidified slags—
Metallurgical slags have a great potential as feedstocks in the
production of novel functional materials such as sintered
glass-ceramics (Rawlings, 1994; Gorokhovsky et al., 2002;
Rawlings, Wu, and Boccaccini, 2006; Zanotto, 2010; Ponsont
and Bernado, 2013; Bai et al., 2016; Liu, Zong, and Hou,
2016), porous ceramic materials (Tanaka, Yoshikawa and
Suzuki, 2009; Nikitin, Kol'tsova, and Beliy, 2013; Suzuki,
Tanaka, and Yamasaki, 2014; Sun and Guo, 2015), ceramic
bricks (Nel and Tduber, 1970; Shih, White, and Leckei, 2006;
Quijorma, San-Miguel, and Andrés, 2011; Karayannis et al.,
2017), functional zeolites for waste water treatment
(Kuwahara et al., 2010; Chen et al., 2012; Li et al., 2016),
and refractory materials (Gu et al., 2018), among other
applications. Of particular interest in the context of this paper
is the synthesis of functional glass-ceramics and zeolites
from metallurgical slags.

Glass-ceramics are fine-grained polycrystalline materials
formed when glasses of suitable composition are heat treated
to undergo controlled crystallization to the lower energy
crystalline state (Rawlings, 1994; Bai et al., 2016). To date,
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sintered functional glass-ceramics have attracted
considerable attention as low-cost alternatives to
conventional glass-ceramic manufacturing (Ponsot et al.,
2015). These materials have novel applications in a wide
variety of industries, ranging from catalysis to thermal
insulation, lightweight structural support, cooking ware,
ceramic tiles, and military applications (Rawlings, Wu, and
Boccaccini, 2006; Zanotto, 2010; Ponsot e al., 2015). In that
regard, the manufacture of sintered glass-ceramics with
functional properties such as catalytic activity, optical and
electrical properties, and desirable mechanical properties,
using Ca0-Al,03-Si0,-MgO-FeOx- based metallurgical slags
has also drawn considerable attention in recent years
(Gorokhovsky et al., 2002; Chinnam et al., 2013; Ponsot and
Bernado, 2013; Bai et al., 2016; Liu, Zong and Hou, 2016).
Liu, Zong and Hou (2016) investigated the effect of
MgO0/Al,03 addition on crystallization behaviour,
microstructure, mechanical properties, and chromium
solidification performance of glass-ceramics synthesized
using EAF slag. Their findings indicate that MgO/Al,O3 ratios
of 1:1 and 1:2 resulted in improved mechanical and
chromium fixation properties. Ponsot and Bernado (2013)
investigated the manufacture of self-glazed glass-ceramic
foams from iron-rich metallurgical slags and recycled glass.
Homogenous foaming and specific mechanical properties
comparable to those of conventional porcelain stoneware
sintered above 1100°C were obtained. Bai et al. (2016)
investigated the synthesis of glass-ceramics using high-
carbon ferrochromium (HCFeCr) slag and waste glass. In
addition to microstructural and mechanical properties
comparable to other slag-based glass-ceramics, the findings
demonstrated the evolution of stable (Mg,Fe),Si04, MgAl;04,
Mg(ALCr),04, and Cr,03 phases which are desirable in
reducing toxicity of the HCFeCr slags (Bai et al., 2016). As
demonstrated by the various studies, the incorporation of
metallurgical slags into functional glass-ceramics not only
increases the low-cost recyclability and re-use opportunities
of the slags, but also results in the formation of stable phases
with low TCLPs.

Synthesis of functional zeolites from slags—Zeolites are
crystalline porous solids with intricate pore and channel
systems in the molecular sieve range of 0.3-

3 nm (Li et al., 2016). Basically, zeolites are crystalline
aluminosilicates, with group I or group II elements as
counter-ions (Simate et al., 2016). The structure of zeolite
consists of a framework of [SiO4]4- and [AlO4]5- tetrahedra
linked to each other at the corners by sharing oxygen atoms
(Simate et al., 2016; Li et al., 2016; Mallapur and
Oubagaranadin, 2017). In general, these materials are
commonly used as commercial absorbents and catalysts
(Simate et al., 2016; Li et al., 2016; Mallapur and
Oubagaranadin, 2017). Functional zeolites produced by the
hydrothermal treatment of silicate-rich slags have widespread
applications in waste water treatment and in the remediation
of AMD (Kuwahara et al., 2010; Lin et al., 2016; Simate et
al., 2016). For example, Li et al., (2016) investigated the
synthesis of sodium aluminate (6Na,0- 6A1,03- 12Si0;) and
sodalite (4Na,0- 3Al,03- 6Si0,) zeolites using Ti-bearing
EAF slag as a precursor. The performance of the crystalline
zeolites, synthesized based on the design parameters such as
molar ratios of Si0,/Al,03 (ratio 2:1) and H,0/Na,O (ratio
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100:1), and hydrothermal temperature (140°C) and time

(3 hours), was evaluated based on the removal of Cu2+ ions
from aqueous solutions. In other studies, Kuwahara et al.
(2010) proposed an acid leaching and NaOH precipitation
method to synthesise hydrotalcite-like compounds
(MgsAl(OH)sCl- 2H,0 and MgsAl(OH)16CO3- 4H,0) and
zeolites from blast furnace slags. Based on the absorptive
capacity of the phosphate ions, the comparative performance
of synthesised hydrotalcite and zeolite materials was
significantly higher at 40 mg and 333 mg of phosphorus per
gram, respectively, compared to 1.5 mg of phosphorus per
gram for raw slag. Due to the novel heavy-metal absorption
properties and the environmental challenges associated with
heavy-metals-laden waste water and AMD, the synthesis of
functional zeolites using metallurgical slags as precursors
thus provides low-cost opportunities for the utilization of
these materials.

Recycling and recovery of value metals from post-
consumer wastes

As highlighted in Table I, post-consumer waste refers to
different types of waste generated by households or
commercial, industrial, and institutional facilities in their role
as end-uses of the products, which can no longer be used for
their initial purposes. The increasing global population,
coupled with advances in technology and increased
consumption of natural resources, has led to dramatic
increases in the flow of these anthropogenic materials
(Johnson et al., 2007; Dodson et al., 2012; Jin, Kim, and
Guillaume, 2016; Park et al., 2017). As a result, post-
consumer wastes present environmental challenges in
modern society as any leftover and/or obsolete products are
often discarded. Typically, these anthropogenic materials are
disposed in landfills, thereby creating environmental
challenges (Birloaga et al., 2013; Corder, Golev, and Guirco,
2015; Ongondo, Williams, and Whitlock, 2015; Ndlovu,
Simate, and Matinde, 2017). On the other hand, increasing
the recovery of metals from post-consumer products in
anthropogenic spaces has intrinsic business, socioeconomic,
and technological advantages (Hageliiken et a/., 2016; Sun et
al., 2016). In other words, considering these materials as
anthropogenic sources of secondary resources that can be
recycled and re-used can result in reduced environmental
damage while supporting sustainable development goals
through the efficient use of resources (Ongondo, Williams,
and Whitlock, 2015; Corder, Golev, and Guirco, 2015;
Ndlovu, Simate, and Matinde, 2017).

The recycling and re-use of post-consumer waste
provides incentives to shift away from the traditional linear
use of resources to a closed-loop, cyclical utilization of
resources that allows for maximum recovery of resources
from waste (Cossu, 2013; Ongondo, Williams, and Whitlock,
2015; Sun et al., 2015d, 2016). Of particular interest in the
context of this paper is the recovery of precious metals from
spent autocatalysts and electronic waste (e-waste). Spent
autocatalysts and e-waste contain significant amounts of
high-value metals such as Pt, Rh, Pd, Cu, Ni, and Au, among
others. To date, extensive research based on pyro-
metallurgical and hydrometallurgical processing, or
combinations of both, has been conducted in order to recover
precious and other valuable metal elements from these types
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of wastes (Johnson et al., 2007; Cui and Zhang, 2008;
Birloaga et al., 2013; Binnemans et al., 2013; Itoh, 2014;
Yang, Zhang, and Fang, 2014; Akcil et al., 2015; Sun et al.,
2015¢; Corder, Golev, and Guirco, 2015; Ongondo, Williams,
and Whitlock, 2015; Jadhav and Hocheng, 2015; Jin, Kim,
and Guillaume, 2016; Sun ef al., 2015d, 2016; Lu and Xu,
2016; Hageliiken et al., 2016; Ndlovu, Simate, and Matinde,
2017; Wang et al., 2017b).

Pyrometallurgical processes involve heating the waste
materials at high temperatures to recover the valuable metals.
Typical unit processes such as plasma smelting, conventional
submerged arc, top submerged lance, chlorination, and
volatilization, among others, have widely been adopted in the
processing of these wastes (Cui and Zhang, 2008; Jadhav and
Hocheng, 2015; Wang et al., 2017b). Despite the fast kinetics
and favourable thermodynamics as a result of high-
temperature conditions, pyrometallurgical processes have
several inherent constraints such as high energy footprints
and the need for intricate off-gas cleaning systems (Tuncuk
et al., 2012; Jadhav and Hocheng, 2015). Due to the presence
of polymers, ceramics, and halogenated flame retardants in
some of these waste streams, the formation of highly toxic
volatile compounds such as polychlorinated dibenzo-p-
dioxins and dibenzol furans (PCDD/Fs), polybrominated
diphenyl ethers (PBDESs), and polycyclic aromatics, among
others, is also a major challenge in most of these processes
(Johnson et al., 2007; Tuncuk et al., 2012; Jadhav and
Hocheng, 2015; Lu and Xu, 2016; Cui and Anderson, 2016).
As a result of the structural challenges associated with
conventional pyrometallurgical processes, hydrometallurgical
processes have been developed as alternatives in order to
improve the economics of extraction of valuable metals from
spent autocatalysts and e-wastes.

To date, extensive research has been conducted to recover
precious metals from spent autocatalysts and e-waste using
both conventional aqueous and emerging non-aqueous
leaching and chelating media (Tuncuk et al., 2012; Birloaga
et al., 2013; Binnemans et al., 2013; Itoh, 2014; Park et al.,
2014; Yang et al., 2014; Sun et al., 2015d; Jadhav and
Hocheng, 2015; Corder, Golev, and Guirco, 2015; Ongondo,
Williams, and Whitlock, 2015; Sun et al., 2015¢; 2016; Lu
and Xu, 2016; Cui and Anderson, 2016; Ndlovu, Simate, and
Matinde, 2017; Wang et al., 2017b). So far, several processes
have been developed to recover metals using acidic media
(Syed, 2006; Park and Fray, 2009; Yang, Zhang, and Fang,
2014; Jadhav and Hocheng, 2015; Cui and Anderson, 2016),
complexing agents such as cyanide, halides, thiosulphate,
and thourea (Jadhav and Hocheng, 2015; Cui and Anderson,
2016; Akcil et al., 2015; Lu and Xu, 2016) and
biohydrometallurgy (Cui and Zhang, 2008). Recently,
attention has focused on the recovery of precious elements
from spent autocatalysts and e-waste using ionic liquids
(Binnemans et al., 2013; Sun et al., 2015d; Park et al., 2014;
Rzelewska et al., 2017). As discussed earlier, ionic liquids
are low-temperature molten salts comprising cations and
organic/inorganic anions, and are increasingly being
investigated for the extraction of metals due to their desired
properties such as non-volatility, low toxicity, good ionic
conductivity, and wide electrochemical potential window
(Park et al., 2014). The recovery of valuable metals from
spent autocatalysts and e-waste using ionic liquids provides
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several advantages such as high selectivity, ability to recover
the valuable metals in their pure state, and the ability to
detoxify and produce environmentally benign residues.
Although research into the recycling of spent
autocatalysts and e-waste for metal recovery and the
generation of other valuable products has been widespread,
large scale production plants dedicated solely to the
processing of these wastes material are still to be universally
adopted. This is mainly due to the fact that metal recycling
plants are capital-intensive and expensive to set up.
Furthermore, the success of these interventions is also
predicated on a consistent and uniform supply of waste
materials, thereby competing with similar products from
primary raw materials (Johnson et al., 2007; Dodson et al.,
2012; Corder, Golev, and Guirco, 2015; Sun et al., 2016). As
a result, the major driver for the success of recycling
initiatives so far has been to blend and incorporate the
recycled materials with other materials into the existing
primary and/or secondary processes for metal extraction.

Integration with engineering education

The previous sections discussed in detail the technical
aspects of recycling and re-use of mining and metallurgical
wastes. As discussed earlier, the recycling and re-use of
these waste materials is important from an economic,
environmental, and industrial point of view. Therefore, in
order to maximize the benefits, new systems thinking
approaches are crucial to leverage on the circularity and
recyclability of some of these materials. For example, the
sustainability of the mining and metallurgical industries can
be greatly enhanced by incorporating an environmentally
friendly way of treating the process residues and/or by-
products generated in the extraction of metals and mineral
commodities. In other words, improving the circularity of the
various waste materials requires multidisciplinary recycling
and re-use initiatives that take into account the initial stages
of developing a new material and/or process (Person, 1971;
Pech-Canul and Kongoli, 2016). Based on the
aforementioned discussions, several researchers have
highlighted the early career education and training of design
and process engineers as essential components in the
dynamics of environmental protection and sustainable
consumption of natural resources (Bishop, 2000; Gutierrez-
Martin and Hiittenhain, 2003; Boyle, 2004; Hering, 2012;
Pech-Canul and Kongoli, 2016; UNESCO, 2010. 2017).

To date, the integration of aspects of sustainability into
the engineering curriculum has broadly been driven by the
need to address complex societal and socio-economic
problems arising from the negative externalities of industrial
processes and products (Bishop, 2000; Gutierrez-Martin and
Hiittenhain, 2003; Boyle, 2004; Kastenhofer, Lansu, and van
Dam-Mieras, 2010; Pech-Canul and Kongoli, 2016; UNESCO,
2017). Obviously, the protracted industrial growth
experienced in the 21st century has not only led to the
unsustainable use and consumption of natural resources, but
has also resulted in unstainable levels of environmental
degradation and pollution (Kastenhofer, Lansu, and van
Dam-Mieras, 2010). To a greater extent, the emerging
paradigms on environmental stewardship have ignited a
debate on the role of engineering education in preparing
graduates’ interdisciplinary and transdisciplinary ethos of
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sustainable development (Tilbury, 1995; ABET, 2009;
Kastenhofer, Lansu, and van Dam-Mieras, 2010;
Vanderburg, 1999; Guerra, 2017; UNESCO, 2010; 2017). For
example, UNESCO (2017) explicitly proposed the need for
responsive education systems based on pedagogies that
empower learners and include sustainability principles. In
particular, UNESCO (2017) clearly stipulates the need for
institutions to initiate and disseminate engineering curricula
that integrate sustainability and sustainable development.

In view of these emerging paradigms in engineering
education, extensive debate is now centred on the holistic
integration of these issues into the broad engineering
teaching and learning space. In principle, the various
education systems globally have converged on explicit sets of
statements and principles on learning outcomes, desired
graduate attributes, and professional competencies relevant
to sustainable development. Possible approaches include
facilitating active learning and development of higher order
cognitive skills on sustainability by:

(1) Incorporating environmental aspects in the design
tasks of the various courses covering the unit
processes producing the waste materials
(Vanderburg, 1999; Boks and Diehl, 2006;
Zimmerman and Anastas, 2009; Zoller, 2013)

(2) Research-based teaching in order to develop
cognitive enquiry skills through experiential learning
(Kolb, 1984; Grimson, 2002; Healy, 2005; Zoller,
2013; Hedden et al., 2017)

(3) Alignment of individual academics’ agency into the
teaching and learning of sustainability principles
(Cebrian and Junyent, 2015; Colombo and Mattarolo,
2017; Hedden et al., 2017).

Conclusion

The increasing global population, coupled with advances in
technology and increased consumption of resources, has led
to a dramatic increase in the flow of anthropogenic materials.
However, the linear model of resources consumption
obviously results in high levels of waste from the mining,
metallurgical, and industrial processing of virgin raw
materials. Inasmuch as the production of mining and
metallurgical wastes is inevitable in the production of
industrial materials, waste management practices to date
have focused on how to manage the way in which the waste
is generated and disposed of. However, the traditional
approach to managing mining and metallurgical waste is not
only unsustainable, but also discounts the circularity of most
of these anthropogenic materials. Based on the emerging
paradigm of a circular economy model that mandates the
reduction, recycling, and re-use of wastes, this paper
provided a critical review of current and emerging research
on the recycling and re-use of mining and metallurgical
wastes. Firstly, the paper categorized the various types of
wastes in the mining and metallurgical industries and
introduced some of the legislative framework governing these
types of wastes. Secondly, the paper highlighted the ongoing
research and emerging trends in the recycling and re-use of
selected mining, metallurgical and post-consumer wastes.
With a view of igniting debate, the paper provided a brief
overview of the converging principles on the integration of
the key aspects of sustainability into the engineering
education curriculum.
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